Metabolic rates of aquatic organisms are estimated from measurements of oxygen 15 consumption rates (ṀO 2 ) through swimming and resting respirometry. These distinct 16 approaches are increasingly used in eco-and conservation physiology studies; however, few 17 studies have tested whether they yield comparable results. We examined whether two 18 fundamental ṀO 2 measures, standard metabolic rate (SMR) and maximum metabolic rate 19 (MMR), vary based on the method employed. Ten bridled monocle bream (Scolopsis 20 bilineatus) were exercised using (1) a critical swimming speed (U crit ) protocol, (2) a 15 min 21 exhaustive chase protocol and (3) a 3 min exhaustive chase protocol followed by brief (1 22 min) air exposure. Protocol (1) was performed in a swimming respirometer whereas protocols 23 (2) and (3) were followed by resting respirometry. SMR estimates in swimming respirometry 24 were similar to those in resting respirometry when a three-parameter exponential or power 25 function was used to extrapolate the swimming speed-ṀO 2 relationship to zero swimming 26 speed. In contrast, MMR using the U crit protocol was 36% higher than MMR derived from the 27 15 min chase protocol and 23% higher than MMR using the 3 min chase 1 min air exposure 28 protocol. For strong steady (endurance) swimmers, such as S. bilineatus, swimming 29 respirometry can produce more accurate MMR estimates than exhaustive chase protocols 30 because oxygen consumption is measured during exertion. However, when swimming 31 respirometry is impractical, exhaustive chase protocols should be supplemented with brief air 32 exposure to improve measurement accuracy. Caution is warranted when comparing MMR 33 http://jeb.biologists.org/lookup
terminology is much less common. Despite differences in their complexity and ease of use, 61 both methods allow measuring oxygen consumption rates (ṀO 2 ) to estimate metabolic rates 62 during or following varying levels of activity (e.g., resting vs. active swimming) (Reidy et al., 63 whether data obtained in different ways produce comparable results (but see Reidy et al., 67 1995; Reidy et al., 2000) . 68 69 Two key physiological parameters characterize the upper and lower bounds of a fish's 70 capacity to uptake oxygen: standard (resting) metabolic rate (SMR or ṀO 2,min ), and 71 maximum metabolic rate (MMR or ṀO 2,max ). SMR corresponds to the minimum maintenance 72 metabolism of a resting fish in a post absorptive state (Fry, 1971; Brett and Groves, 1979 ; 73 Schurmann and Steffensen, 1997), whereas MMR corresponds to a fish's maximum rate of 74 oxygen consumption (Fry, 1971; Beamish, 1978 In swimming respirometry, the most common means of estimating a fish's metabolic 95 rate is using a critical swimming speed (U crit ) protocol such as the one initially developed by 96 Brett (1964) (Reidy et al., 1995; Plaut, 2001; Farrell, 2007) . Fish are made to swim against a 97 laminar water flow in a swimming respirometer while water velocity is increased 98 incrementally, at regular intervals, until the fish fatigues. The U crit is the swimming speed at 99 which fish become exhausted and stop swimming . Because oxygen consumption is measuredcontinuously while fish are exercised to exhaustion, swimming respirometry is thought to 101 provide a very accurate estimate of MMR (Farrell and Steffensen, 1987 resting respirometers is generally small relative to the size of the fish, individuals tend to 120 remain immobile in the chamber and MMR is measured during recovery from 121 exercise/chasing (Steffensen, 2005) . This method relies on post-exercise oxygen consumption 122 rates and MMR therefore corresponds to the sum of the fish's routine metabolic rate (RMR; 123 ṀO 2 during activities that elevate SMR (Schurmann and Steffensen, 1997; Steffensen, 2005) ) 124 and excess post-exercise oxygen consumption (EPOC) to repay the oxygen debt incurred 125 from anaerobic metabolism during chasing (Killen et al., 2007). One major advantage of 126 using resting respirometry is that SMR can be measured while fish have remained inactive in 127 the chamber for several hours (typically between 2 to 24 hours, depending on the species), 128 thus allowing both SMR and MMR to be calculated in one trial (Cutts et al. recover between trials. Prior to trials, individuals were starved for at least 24 h, but never 170 more than 36 h. In all three protocols, oxygen consumption rates were measured using 171 intermittent-flow respirometry (Steffensen et al., 1984; Steffensen, 1989) . was used to provide an estimate of ṀO 2 at U = 0.75 BL s -1 . We averaged three ṀO 2 226 measurements in (1) and (2) for consistency with ṀO 2 calculations at higher swimming 227 speeds. Oxygen consumption rate (ṀO 2 ) was then plotted against swimming speed (U) to 228 produce an oxygen consumption curve, including only speeds that resulted exclusively in 229 aerobic activity (i.e., from U = 0.75 to U = 3.25 BL s -1 ). The onset of anaerobic activity was 230 determined as the swimming speed when fish transitioned gait from steady to unsteady 231 (bursting-and-coasting) swimming (Peake and Farrell, 2004 
Resting respirometry 252
Resting respirometry differs from swimming respirometry in that resting chambers are 253 simpler and more affordable, allowing the benefit of testing multiple fish simultaneously. 254 Individual chambers are connected to flush pumps that turn on intermittently after each ṀO 2 255 determination to replenish the chamber with oxygenated seawater; a closed-loop recirculation 256 pump also mixes the water inside the chamber during ṀO 2 determinations. Our resting 257 respirometry system consisted of four darkened cylindrical chambers 3.48 L in volume, fitted 258 with fiber optic oxygen probes and immersed in a temperature-controlled aquarium (100 x 52 259 x 49 cm; length x width x height) filled with aerated seawater. The water temperature was 260 maintained at 28 ± 0.5°C (mean ± actual range) and dissolved oxygen concentration was 261 were run before and after each trial to measure background rates of bacterial respiration in 298 individual chambers, which were subtracted from ṀO 2 values upon calculation. The system 299 was rinsed in freshwater every third day to insure that background oxygen consumption rates 300 remained below 15% of the resting metabolic rate of fish. 
Diagnostic plots and Shapiro-Wilk's test were used to ensure that the data met the 313 assumptions of the models. We compared the fit of non-linear relationships by computing the 314 proportion of variance explained. All analyses were performed in R v2.11.1 (R Development 315
Core Team, 2010). 316
317

RESULTS
318
The mean (± s.e.m.) critical swimming speed for all fish was 3.76 ± 0.10 BL s -1 , 319 whereas the mean (± s.e.m.) maximum swimming speed at which fish completed at least one 320 10 min ṀO 2 determination was 3.85 ± 0.10 BL s and SMR rest_hist (estimate = -15.91, 95% CI = -32.94 to 1.12, t = -1.83, p = 0.07) ( Fig. 2A,B) We found notable differences in MMR, a key metabolic rate parameter, measured 354 using different respirometry methods (Fig. 1) found similar results when comparing SMR estimated using both swimming and resting 377 respirometry. Our findings also suggest that SMR can accurately be estimated by 378 extrapolating the swimming speed-ṀO 2 relationship obtained from U crit protocols. 379
Importantly however, when we fit a more simple, two-parameter exponential function to this 380 data, SMR values estimated with the U crit protocol were ~25% lower than SMR rest_low , 381 irrespective of the calculation employed (Table 1 estimates from the hydrodynamics-based power function were higher than estimates from the 389 three-parameter exponential function, but this difference was not significant (Fig. 2) . 390 Pectoral (e.g., Labridae, Scaridae, Pomacentridae, Cichlidae, Embiotocidae) and pectoral-413 caudal (e.g., Chaetodontidae, Nemipteridae) swimmers may require even longer exhaustive 414 chases, however, as we observed in the case of S. bilineatus. Fishes that use their median-415 paired fins (MPF) for swimming may burst less frequently during chases (e.g., Gotanda et al., 416
2009) and utilize both red (aerobic) and white (anaerobic) muscle fibres to power their 417 escape. As such, increased use of red muscle could lead to lower oxygen debts and reduced 418 EPOC required to clear metabolites resulting from anaerobic activity. Since the magnitude of 419 EPOC directly influences measurements of MMR in resting respirometry (Reidy et al., 1995) , 420 fishes that escape using a combination of white and red muscles will likely display lower 421
ṀO 2 values than fishes relying predominantly on white muscle and anaerobic metabolic 422 pathways. Although swimming respirometry appears to be a better method for measuring 423 MMR in fish that are good steady swimmers, the opposite may be true of fish with better 424 unsteady swimming performance (see Peake and Farrell, 2006) . For example, in a study of 425 post-exercise metabolic rates in Atlantic cod, Reidy et al. (1995) found that MMR during 426 recovery after exhaustive chasing significantly exceeded ṀO 2 measurements at U crit , which is 427 contrary to our results. 428 
